ABSTRACT Two experiments were conducted to study the combined effect of nonphytate P (NPP), fat, and temperature on the performance and egg quality of hens preand postpeak. In Experiment 1, 192 Single Comb White Leghorn layers, aged 22 wk, were individually housed in cages under ambient (AT) and constant high temperature (CHT) of 33 ± 1 C. In Experiment 2, 28-wk-old birds were used with a CHT of 35 ± 1 C. Diets contained 0 and 4% added vegetable fat with four dietary NPP levels, ranging from 0.20 to 0.50% in Experiment 1 and from 0.15 to 0.45% in Experiment 2, at increments of 0.1%. These diets were fed to hens for 84 d. Performance and egg quality criteria were measured in both experiments, whereas serum and tibia Ca and P were determined in Experiment 2. Results showed that there was no significant interaction among NPP, fat, and temperature, for any criteria measured. The
INTRODUCTION
The detrimental effects of high environmental temperature on poultry performance are well documented. Several corrective approaches have been applied and others are still under investigation. Among these various methods are dietary manipulations, which could lead to improved performance in layers under high temperatures. The poor performance under high temperature could not be explained by a lower feed intake alone, as shown in paired-feeding trials (Emery et al., 1984) . In fact, some of the decline in the general performance is attributed to a heat stress effect per se (Dale and Fuller, 1979; Emery et al., 1984; Tanor et al., 1984; Marsden et al., 1987) .
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CHT significantly reduced BW, feed intake, egg production, egg weight, egg mass, and shell thickness. Moreover, it decreased (P < 0.05) serum Ca, P, tibia ash, and tibia P. The lowest NPP levels resulted in the greatest shell thickness (P < 0.05), which decreased with increasing NPP levels in both trials. In the postpeak experiment, the feed intake was significantly reduced by 0.15 and 0.25% NPP. Moreover, 0.15% NPP significantly reduced egg production as compared to 0.35 and 0.45% NPP diets. Levels between 0.25 and 0.45% significantly improved the serum phosphorus content as compared to 0.15%. Added fat improved only serum P level (P < 0.05). The beneficial effect of supplemental fat on hen performance was evident in Experiment 1 but not in Experiment 2, indicating that nutrients were oriented more toward supporting egg production rather than maintaining the BW at the postpeak stage.
tion to its stimulating effect on feed intake (Daghir, 1987) and ME consumption (Fuller and Rendon, 1977) , has the lowest heat increment as compared to protein or carbohydrates (Daghir, 1995) . Furthermore, dietary fat produces an "extra caloric effect," characterized by enhanced energy utilization mainly due to a decreased rate of food passage (Mateos and Sell, 1981) .
Another critical aspect in laying hen nutrition in hot climates is the nonphytate P (NPP) concentration in the diet. The optimum NPP requirement for maximal survival rate in laying hens may not be the same for eggshell quality. In fact, Garlich et al. (1980) reported optimal eggshell quality by feeding marginal levels of NPP (ranging from 216 to 238 mg NPP per hen per day) with a marked increase in sudden mortality during episodes of high environmental temperatures. Also, Charles et al. (1978) recorded a significantly increased mortality rate with 164 mg NPP/hen per day and recommended an average daily NPP consumption of 500 mg/d per hen under high environmental temperatures.
No research was available in the literature on the relationship between dietary fat and NPP or their impact on laying hen performance under high environmental temperature. Therefore, the present study was designed to investigate the combined effect, if any, of dietary NPP and fat on the performance and egg quality parameters of hens kept at high constant environmental temperatures (CHT).
MATERIALS AND METHODS

Experiment 1
This experiment studied the effect of feeding graded levels of NPP (0.20, 0.30, 0.40, and 0.50%) and added fat (0 and 4%), on performance and egg quality of hens at prepeak egg production subjected to CHT of 33 ± 1 C vs. an ambient temperature (AT) ranging between 13 and 29.6 C. One hundred ninety-two Single Comb White Leghorn layers of the Hy-Line W-77 strain, selected from a floor flock, were individually housed in four, three-deckbatteries with 48 cages each in four separate rooms. Two batteries were allocated in two separate, environmentally controlled rooms, and two batteries were under AT conditions. Hens were fed a conventional corn-soybean diet (ME = 2,800 kcal/kg and 18.5% CP) for a 2-wk pre-experimental period during which individual egg production was recorded. At the end of this adaptation period, the 22-wk-old birds were individually weighed and distributed into groups of six so that all groups had similar average BW (1,270 g) and percentage egg production (27%). The temperature in the two environmentally controlled rooms was gradually raised to 33 ± 1 C over 1 wk for the birds to acclimatize to the experimental CHT.
Four basal diets (Table 1) containing 0 or 4% added commercial edible soy oil and 0.20 or 0.50% NPP, for each dietary fat level, were formulated to be isocaloric (ME = 2,800 kcal/kg) and isonitrogenous (18.5% CP). Requirement levels of other essential nutrients, except for NPP, met or exceeded NRC requirements (1994). Diets containing 0.30 and 0.40% NPP for each fat level were prepared by blending appropriate amounts of the 0.20 and 0.50% NPP diets (two parts 0.20% and one part 0.50% NPP, and two parts 0.50% and one part 0.20% NPP, respectively). The eight diets were randomly assigned to the six experimental units in each of the four cage batteries. Feed and water were provided ad libitum for an 84-d experimental period with a daily constant lighting schedule of 15 h.
Individual BW were recorded at the end of the experiment, and BW changes were computed. Feed intake, egg production, and feed conversion efficiency were recorded for every 14-d subperiod. Egg weight, shell thickness, yolk color, and Haugh Unit scores were also determined on eggs collected during the last 3 consecutive d of each subperiod.
Experiment 2
Experiment 2 was conducted during the fall under moderate AT (8 to 17 C) by using 28-wk-old hens at peak of lay. In addition, the CHT was raised to 35 ± 1 C, and the levels of NPP were set between 0.15 and 0.45%, at increases of 0.10. The composition of the basal diets is presented in Table 1 . All other experimental conditions and criteria measured were similar to those described for Experiment 1. At the end of the experiment, blood samples were taken from the brachial vein of three birds in production per treatment per cage and centrifuged for 15 min at 3,000 rpm; sera were stored at 4 C until analyzed for Ca (Gindler and King, 1972) and inorganic P (Goldenberg and Fernandez, 1966) . The birds were then killed, and left tibiae were removed and processed for fat extraction as described by AOAC (1990) . Tibia ash and P were determined using standard methods of AOAC (1990) , and Ca was analyzed using the method of Jeffrey et al. (1989) .
In both experiments, we used a three-way factorial arrangement of treatments (2 × 2 × 4) for temperature, fat, NPP, and their two-and three-way interactions in a complete randomized design. Data were pooled and analyzed using the general linear models procedure, and means were separated by Duncan's multiple-range test whenever P < 0.05 was detected (SAS, 1992) .
RESULTS
Experiment 1
None of the interactions among the three different experimental variables was significant for performance criteria and egg quality parameters. Consequently, the main effect data are presented in Table 2 . Except for feed conversion efficiency, BW change, feed intake, egg production, egg weight, egg mass, and shell thickness were significantly lower for hens in the CHT treatment as compared to AT. On the other hand, Haugh unit score was higher (P < 0.05) at CHT. Yolk color score, however, was not affected by the CHT.
Hens on 4% supplemented fat diets significantly gained more weight (17 g), consumed less daily feed (3 g/hen per day), produced heavier eggs, and had a feed conversion efficiency value less than those on 0% added dietary fat (Table 2) . Supplemental fat, however, had no effect on egg production rate, shell thickness, Haugh unit, and yolk color scores.
Except for shell thickness, dietary NPP, irrespective of fat levels and temperature, had no significant effect on the performance criteria and egg quality parameters. The 0.20% NPP resulted in the highest shell thickness (0.432 mm), which was reduced (P < 0.05) by the increasing dietary NPP levels (Table 2) .
Experiment 2
The interaction terms among the three main factors were not significant; therefore, average values of performance criteria and egg quality parameters are presented Means within a column in each comparison group with no common superscripts differ significantly (P < 0.05).
1 NPP = nonphytate P. Means within a column in each comparison group with no common superscripts differ significantly (P < 0.05).
1 NPP = nonphytate P.
in Table 3 . Serology and tibia parameters measured are shown in Table 4 . As in Experiment 1, the CHT significantly reduced daily feed intake, BW change, egg produc- Means within a column in each comparison group with no common superscripts differ significantly (P < 0.05).
1 NPP = nonphytate P. tion, feed conversion efficiency, egg weight, egg mass, shell thickness, and yolk color score but had no effect on the Haugh unit score.
Postpeak hens fed the 0 or 4% dietary fat lost weight, irrespective of the temperature applied or the levels of NPP. However, those on 4% supplemental fat lost significantly less (86 g) than those fed no added fat (144 g). Supplemental fat had no effect on feed intake, egg production, feed conversion efficiency, egg weight, egg mass, shell thickness, and Haugh unit score, but this added fat decreased (P < 0.05) the yolk color score.
Birds fed the 0.15% NPP diet had the highest numerical BW loss (−147 g), which was significantly different only from that of the 0.45% NPP diet (−86 g). Feed intake of birds on 0.15 and 0.25% NPP diets were significantly lower than those on 0.35 and 0.45% NPP rations. The 0.15% NPP resulted in the highest feed conversion efficiency value (2.04 g feed/g egg) and the lowest egg production rate (83.1%) that was significantly different from those of 0.35 and 0.45% NPP diets. An opposite trend was observed in shell thickness values (Table 3) .
Subjecting laying hens to constant high temperatures significantly decreased serum Ca and P values by 3.3 and 1.15 mg/100 mL, respectively. The CHT also decreased (P < 0.05) tibia ash and tibia P without affecting the tibia Ca content.
Fat supplementation significantly improved serum inorganic P values but had no effect on serum Ca or the tibia parameters measured (Table 4) . Dietary NPP levels between 0.25 and 0.45% significantly improved serum inorganic P as compared to the 0.15% NPP. Moreover, the 0.15% NPP resulted in the lowest tibia ash (57.8%), which gradually increased as level of dietary NPP increased following a trend similar to that of serum inorganic P. On the other hand, serum Ca, tibia Ca, and tibia P were not affected by any of the dietary NPP levels.
DISCUSSION
Unlike hens at the prepeak stage in Experiment 1, all hens in the postpeak experiment lost weight, which was aggravated by the CHT (Table 3 ). The 16-g loss of weight accompanied by higher EP (89.9%) in postpeak hens raised under AT could be attributed to the distribution of dietary nutrients toward supporting EP rather than maintaining BW. The reduction in feed intake and BW change of hens subjected to high temperature observed in both experiments are in agreement with the results of Mueller (1961) , Scott and Balnave (1988) , and Peguri and Coon (1991) . Reduction in feed intake and egg production under high temperature was also reported by De Andrade et al. (1977) and Marsden et al. (1987) in pre-and postpeak stages, respectively.
The improvement in feed conversion efficiency of hens at high temperature in Experiment 2 is in agreement with those of De Andrade et al. (1976 Andrade et al. ( , 1977 , who attributed this improvement to a decreased body maintenance requirement. The reduction in egg weight under CHT confirmed the findings of De Andrade et al. (1976 Andrade et al. ( , 1977 and could be partially explained by the corresponding decrease in feed intake (Tables 2 and 3) , as reported by Mueller (1961) . The negative effect of high temperature on eggshell quality observed in both experiments and in earlier reports of De Andrade et al. (1977) may be attributed to a lower blood flow through the ovarian follicles and shell gland, induced respiratory alkalosis, a decrease in blood total and ionic Ca concentrations, and a reduced activity of carbonic anhydrase in shell gland and kidneys, as cited by Sauveur and Picard (1987) . The significant improvement in Haugh Unit score for hens in high temperature at the prepeak stage was not observed in Experiment 2 and could not be explained. On the other hand, the lower yolk color score in Experiment 2 may be partially attributed to the much higher difference in daily feed intake (23 g) as compared to Experiment 1 (9 g) between CHT and AT birds, due to less yellow pigment consumption in Experiment 2.
The decrease in daily feed intake of hens fed the 4% supplemental fat in Experiment 1, but not with older birds in Experiment 2, merits further investigation. The decrease is in agreement with the results of Peguri and Coon (1991) . The improved egg weight in younger hens (Experiment 1) because of fat supplementation is consistent with the findings of Sell et al. (1987) and Whitehead et al. (1991) . This improvement could not be attributed to the level of linoleic acid in the diet (1.4 and 3.3% in 0 and 4% supplemental fat, respectively), which was far above that of NRC (1994) . Also, Cachaldora et al. (2000) concluded that greater than 1.02% linoleic acid had no effect on egg weight and egg mass. Moreover, Sell et al. (1987) indicated that fats exert a favorable effect on egg weight beyond those attributable to addition of linoleic acid to the diet. The beneficial effect of supplemental fat through slower rate of digestion allows more time for nutrient utilization (Mateos and Sell, 1981) and could have improved the body and egg weights and feed conversion efficiency that were evident in Experiment 1. The nonsignificant, slight increase in egg production of fatsupplemented hens, along with the still-negative BW balance in Experiment 2, could indicate that dietary energy was distributed toward supporting egg production rather than supporting hen BW (De Andrade et al., 1977) . We hypothesize that hens at postpeak egg production require higher dietary energy than the 2,800 kcal/kg used in this study to support egg production and body maintenance requirements. Further research is needed to elucidate this hypothesis. The significant decrease in yolk color score (0.5 points) of the 4% fat rations could be explained by the 12% decrease in dietary yellow corn inclusion as compared to the 0% supplemental fat (Table 1) . Dietary supplemental fat was reported not to affect eggshell thickness (De Andrade et al., 1976 .
The lack of effect of dietary NPP levels (0.20 to 0.50%) on the performance criteria in Experiment 1 confirms the results of Hamilton (1980) , Rodriguez et al. (1984) , Daghir et al. (1985) , and Said and Sullivan (1985) whenever laying hens were fed more than 0.15% NPP. The stimulating effect of increasing dietary NPP on feed intake, which resulted in improved egg production, feed conversion efficiency, and BW change in Experiment 2 was reported by Summers et al. (1976) . An improvement in egg produc-tion and feed conversion efficiency was also indicated by Miles et al. (1983) , Bar and Hurwitz (1984) , and Härtel (1989) but not by Mikaelian and Sell (1981) . The reduction in eggshell thickness as a result of increasing dietary NPP level in both experiments is in agreement with the findings of Harms and Miles (1977) , Holder (1981) , and Daghir et al. (1985) . Garlich et al. (1980) , however, did not observe any effect on shell thickness whenever layers were fed dietary NPP between 0.22 and 0.45%. The improvement in shell thickness as a result of feeding low dietary phosphorus could be attributed to the stimulation of the second hydroxylation of vitamin D 3 , therefore enhancing the absorption of Ca (Tanaka and Deluca, 1973) through increased production of Ca-binding protein at the shell gland level (Corradino et al., 1968) .
The significant decrease in serum Ca, serum inorganic P, tibia ash, and tibia P (Table 4 ) at higher temperature could be a consequence of the significant decrease in feed intake ( Table 3 ). The increase in serum P was probably due to the beneficial effect of dietary fat in slowing down the passage rate of digesta (Mateos and Sell, 1981) , hence allowing more time for utilization of nutrients such as P. The lack of similar effects on serum Ca content may be due to an additional influence of dietary fat on Ca retention in the gastrointestinal tract Leeson, 1983, 1984; Rising et al., 1990) . The failure of supplemental fat to influence any of the tibia parameters is consistent with those reported by Lipstein and Bronstein (1968) but not those reported by Whitehead et al. (1971) who used bone mineralization and percentage carcass retention criterion in chicks, respectively. The significantly low serum P level associated with the lowest dietary NPP level (Table 4) could be related to low dietary NPP intake (Miles et al., 1983; Bar and Hurwitz, 1984) . Choi et al. (1979) specified that the laying hen is capable of maintaining a normal serum inorganic P level over a dietary total P level ranging between 0.375 and 1.40%. Below 0.30% dietary total P, the serum inorganic P decreased. The constant serum Ca level observed at all levels of dietary NPP supports the findings of Miller et al. (1977) , who suggested that when dietary Ca is adequate, plasma total Ca does not change appreciably during the laying cycle. Frost et al. (1991) reported that only plasma ionic Ca, which was not determined in this study, varies inversely with dietary P level, whereas total Ca remains unchanged. Although tibia ash in birds fed the 0.15% dietary NPP decreased, symptoms of cage layer fatigue were not observed over the 12-wk experiment. The reduction in tibia ash is consistent with the findings of Bar and Hurwitz (1984) who suggested that phosphorus deficiency could reduce the rate of bone formation.
The present study clearly showed that there was no interaction among fat, NPP, and temperature at pre-or postpeak egg production. Constant high temperature depressed all performance criteria and eggshell thickness. Low dietary NPP (0.15%) depressed egg production in postpeak hens but improved shell thickness of eggs. Dietary fat supplementation improved feed conversion efficiency and egg weight at the prepeak stage but not at the postpeak stage. The beneficial effect of supplemental fat on hen performance, which was evident in Experiment 1 but not in Experiment 2, indicates that the dietary energy is oriented more toward supporting egg production rather than maintaining the BW at the postpeak stage.
